We analyze a probability of atomic jumps for more than one lattice spacing in activated surface diffusion. First, we studied a role of coupling between the x and y degrees of freedom for the diffusion in a twodimensional substrate potential. Simulation results show that in the underdamped limit the average jump length ͗͘ scales with the damping coefficient as ͗͘ϰ Ϫ with 1/2р Շ2/3, so that the diffusion coefficient behaves as Dϰ Ϫ with 0рՇ1/3. Second, we introduced a realistic friction coefficient for the phonon damping mechanism and developed the technique for Langevin equation with a velocity-dependent friction coefficient. The study of diffusion in this model shows that long jumps play an essential role for diffusing atoms of small masses, especially in two limiting cases, in the case of a large Debye frequency of the substrate, when the rate of phonon damping is low, and in the case of a small Debye frequency, when the one-phonon damping mechanism is ineffective.
I. INTRODUCTION
A variety of phenomena in physics and other fields can be modeled as Brownian motion in an external periodic potential ͓1-3͔. One particular example, the surface diffusion of atoms or small clusters, is of great fundamental and technological interest ͓4͔. At low temperatures, k B TӶ, where k B is the Boltzmann constant, T is the temperature, and is the height of the substrate potential, the diffusion proceeds by uncorrelated thermally activated jumps over the barrier from one minimum of the external potential to another, and the diffusion coefficient takes the Arrhenius form, DϰA with A ϭexp(Ϫ/k B T). Then, if the jump rate is known, the diffusion coefficient can be found with the help of the lattice-gas model ͓5,6͔ for any symmetry of the lattice ͓7͔. Usually it is assumed that the atoms can jump to nearest neighboring ͑NN͒ minima of the substrate potential only. In this case the diffusion coefficient is equal to
where d is the dimensionality of the system (dϭ1 or 2 for surface diffusion͒, R is the rate of escape from a potential well ͑the sum of probabilities of the jumps from a given site to all neighboring sites per one time unit͒, and the meansquare jump length ͗ 2 ͘ coincides with the square of the lattice constant a 2 . To find the rate of atomic jumps, one has to study the diffusional dynamics, either by the molecular dynamics ͑MD͒ method, or with the help of a more simple approach based on the Langevin equation
where m is the atomic mass and V(r) is the substrate potential. In the Langevin equation ͑2͒, the energy exchange between the diffusing atom and the substrate is modeled by a viscous frictional force with the coefficient and by the random force ␦F which corresponds to Gaussian white noise, ͗␦F͑t͒␦F͑tЈ͒͘ϭ2mk B T␦͑tϪtЈ͒.
͑3͒
A rigorous expression for the diffusion coefficient is known only in the overdamped limit, ӷ 0 ͓here 0 ϭ(VЉ/m) 1/2 is the frequency of atomic vibration at the minimum of the substrate potential͔, when the Fokker-PlanckKramers ͑FPK͒ equation corresponded to the Langevin equations ͑2͒ and ͑3͒, reduces to a more simple Smoluchowski equation. An analytical solution is known for the onedimensional ͑1D͒ substrate potential ͓8͔ and for the quasitwo-dimensional case of a channel with periodically varying width ͓9,10͔. An approximate solution was found also for a two-dimensional ͑2D͒ substrate potential ͓11,12͔. In the overdamped limit the jump rate behaves as Rϰ Ϫ1 and the jumps are allowed for one lattice spacing only, ϭa, so that Dϰ Ϫ1 . A typical situation in surface diffusion corresponds to a case of intermediate or low damping. In the case of intermediate frictions, Շ 0 , the diffusion can be adequately described by the transition state theory ͑TST͒ ͓13͔, where ϭa and the total escape rate is given by the Kramers expression ͓14͔ RϷ 0 A/ which is independent on , so that D ϰ 0 . This case was studied in a number of papers ͓15͔. Molecular dynamics predicts that there always exist atomic jumps longer than a unit lattice spacing, ͗͘Ͼa, but the increase in the jump length is approximately compensated by the decrease in the escape rate R because of ''recrossings,'' when the atom after its jump to a NN potential well does not stop ͑thermalize͒ there but immediately jumps back to the initial well ͑the well of departure͒, so that Eq. ͑1͒ still holds.
The present paper is devoted to an interesting case of low damping, Ӷ 0 , when long jumps may play a dominant *Electronic address: obraun@iop.kiev.ua † Electronic address: ferrando@fisica.unige.it role. The problem of long ͑multiple͒ jumps, or flights, when an underdamped Brownian atom jumps over many a potential barrier before getting trapped again, has been discussed in a number of papers ͓16 -20͔. According to the famous Kramers work ͓14͔, the escape rate at low damping is restricted by slow diffusion in energy space, Rϰ. On the other hand, the probability of atomic jumps for many lattice constants is highly increased, ͗͘ϳ͗v s ͘, where ͗v s ͘ ϳ(/m) 1/2 is an average velocity of the atoms that cross the energy barrier and Ϸ Ϫ1 is the flight time, so that ͗͘ ϰ Ϫ1 ͑for a more detailed discussion see Refs. ͓14,17,21͔͒. Thus the diffusion coefficient should scale as Dϰ Ϫ1 for low damping. Analytical results are known for the 1D case in the →0 limit only ͓1͔. Numerical simulations are also too time consuming in the low-damping limit.
Although experiments do demonstrate the existence of atomic jumps for several lattice constants ͓22͔, a theory of this phenomenon is still not too clear. There are two factors that may significantly reduce the jump length. First, the surface diffusion always takes place in the configuration space of two ͑or three͒ dimensions. In the 2D space the path connecting adjoining sites may not coincide with the direction of the easy crossing of the saddle point. Besides, the trajectory of a long jump which goes through several saddle points may not correspond to a straight line. These effects have to reduce the probability of long jumps ͓23,24͔, so one could expect a dependence ͗͘ϰ Ϫ ͑4͒ with Ͻ1. Because the escape rate in a multidimensional space should still behave as Rϰ ͑see Ref. ͓25͔͒, we come to the dependence Dϰ Ϫ ͑5͒ with ϭ2 Ϫ1Ͻ1. In particular, Chen et al. ͓26͔ had found with the help of numerical simulation for the 2D substrate potential of centered-rectangular symmetry that ϭ0.5 which gives ϭ0.75. Then, Caratti et al. ͓27͔ showed that is not universal but depends on a geometry of the substrate potential. They considered the 2D substrate potential of square symmetry without energy barriers ͑the ''eggcarton'' potential͒ and found that may vary from 0.76 to 0.64. A similar case of pure entropy barriers, when the atom diffuses in a channel of periodically varying width but without energy barriers, was recently studied in detail ͓10͔. The simulation showed that the dependence ͑5͒ with Ͻ1 in fact corresponds to a crossover region of intermediate frictions.
At very low damping the diffusion coefficient again behaves as Dϰ Ϫ1 analogously to the 1D activated diffusion with energy barriers. A width of the crossover interval, however, depends on the shape of the substrate potential, so different values of may be obtained in this region. The case of activated jumps, when the energy barriers are large, ӷk B T, is still unclear. In particular, the simulations ͓10͔ for the activated diffusion in the channel of varying width predicted the value ϭ1/3 which gives ϭ2/3.
Second, long jumps may exist only in the case of low damping. Generally, there are three mechanisms of damping which may be classified according to quasiparticles excited in the substrate ͓28͔. If the adsorbed atom has a nonzero charge, it creates plasmons in the substrate during the motion ͑the electromagnetic damping mechanism͒. When the adatom is coupled with surface atoms of the substrate by chemical bonds, so that their electronic clouds overlap, the adatom motion results in creation of electron-hole pairs in the substrate ͑the e-h damping mechanism͒. Both these mechanisms lead to ϳ10 Ϫ2 0 and approximately are independent on the atomic velocity, because a frequency associated with the atomic motion is typically much lower than the plasmon frequency or the frequency corresponded to electrons on the Fermi level, 0 Ӷ pl , F /ប. Finally, there always exists the phonon damping mechanism due to excitation of phonons in the substrate. The rate of this process is proportional to the density of phonon states in the substrate. Because the frequency associated with the adatom motion 0 may be of the same order of magnitude as the maximum frequency of phonons in the substrate ͑the Debye frequency m ), the phonon damping coefficient ph may strongly depend on the atomic velocity. To study this effect, we have to develop a corresponding technique, because the standard approach based on Langevin or FPK equations assumes ϭ const.
Besides, due to the phonon mechanism, the total damping coefficient may be large enough, ϳ 0 , thus long jumps will be completely suppressed.
The main goal of the present work is, taking into account both factors mentioned above, to find conditions when long jumps play an essential role in surface diffusion. The paper is organized as follows. First, in Sec. II we study diffusion for different variants of the 2D substrate potential. The phonon damping mechanism is introduced in Sec. III A, and the technique for solution of stochastic equations with the velocity-dependent damping coefficient is developed in Sec. III B. Then in Sec. III C we study surface diffusion with a realistic damping. Finally, Sec. IV concludes the paper with discussion of the results.
Throughout the paper we use dimensionless system of unit. The period of the substrate potential is taken as a ϭ2, the energy barrier for activated diffusion is ϭ2, and the mass of the substrate atoms is m s ϭ1. The temperature is measured in energy units (k B ϭ1). In all simulations we used Tϭ1/3 which corresponds to activated diffusion (/Tϭ6 so that AϷ2.48ϫ10 Ϫ3 , R TST ϭ 0 A/Ϸ7.89ϫ10 Ϫ4 , and
Ϫ2 ) but allows us to achieve a reasonable accuracy. The diffusion coefficient is calculated from the solution of the Langevin equation ͑with the Verlet or Runge-Kutta method, see details in Ref. ͓10͔͒ by means of the memory expansion method ͓29,30͔, which avoids the numerical evaluation of asymptotic slopes.
II. DIFFUSION IN A 2D EXTERNAL POTENTIAL
Let us begin with the study of a role of two dimensionality of the substrate potential assuming that the damping coefficient in Eqs. ͑2͒ and ͑3͒ is constant. We consider several variants of the 2D potential. First, let the potential have a shape of a channel of periodically varying width,
where we put 1 ϭ 0 ϭ1 ͑through this section we assume mϭ1), so that the atomic vibrations at the minimum of the substrate potential are symmetric, and the parameter gϭ 1 2 Ϫ 2 2 controls the coupling of the x ͑along the diffusion path͒ and y ͑the transverse direction͒ degrees of freedom. For g ϭ0 the modes are decoupled, and we come to the 1D sinusoidal potential, V 1D (x)ϭ1Ϫcos x. At gϾ0 the saddle points are characterized by a smaller value of the transverse curvature than at the minima. The potential ͑6͒ describes a quasi-2D diffusion of atoms adsorbed on ''furrowed'' surfaces such as the ͑112͒ surface of the bcc crystal, the ͑110͒ surface of the fcc crystal, or the (101 0) surface of the hcp crystal, where the surface atoms create ''channels'' where the external atoms are adsorbed and along which they can move. Similar ''channels'' appear on the (2ϫ1)-reconstructed ͑100͒ surface of Si.
The simulation results for the dependence of the diffusion coefficient on the damping for a wide interval 10 Ϫ3 р р5 and different values of the coupling between the modes are summarized in Fig. 1 . The diffusion coefficient D is normalized on the exact value for the diffusion in the 1D sinusoidal potential in the overdamped limit ͓1͔,
, where D f ϭk B T/m and I 0 is the modified Bessel function. The overdamped limit was studied analytically in Refs. ͓9,10͔. The coupling between the modes produces the so-called entropy barriers. In the case of gϾ0, when the channel is wider at the saddle point than at the minimum, the entropy barrier is negative, so that it works against the energy barrier and thus leads to an increase of the diffusivity. From Now let us consider a pure 2D substrate potential of square symmetry,
The potential ͑7͒ describes the atoms adsorbed on the ͑100͒ surface of the bcc or fcc crystal. Along a diffusion path the potential ͑7͒ is similar to the ''channel'' potential ͑6͒, except that now both directions x and y are equivalent. The simulation results are plotted in Fig Ϫ2 , these dependences almost coincide, although the diffusivity for the square lattice is slightly higher. Moreover, at small damping (Ͻ10 Ϫ2 ) and large enough coupling between the modes ( 2 Ͻ0.5 for the ''channel'' potential and 2 Ͻ0.75 for the square potential͒ the functions D() coincide as well within the accuracy of our simulation, and behaves according to the power law ͑5͒ with ϭ1/3. In the case of square symmetry and 2 ϭ0.1 we made simulation down to very small friction ϭ5ϫ10 Ϫ5 to see whether there were changes in the slope. These low-friction data also support the evidence that the slope is close to 1/3. As a next example we consider the ''most isotropic'' twodimensional substrate potential, the one with the triangular symmetry,
The minima of the potential ͑8͒ are organized into the triangular lattice with the period aϭ2. The atomic vibrations at the minimum are symmetric, x ϭ y ϭ 0 ϭ1. The NN minima are separated by saddle points with the barrier ϭ2. The maxima are approximately flat and produce the hexagonal ͑honeycomb͒ lattice. The transverse frequency at the saddle point is small, 2 ϭ1/ͱ3Ϸ0.577. The potential ͑8͒ is widely used in studies of atomic layers adsorbed on isotropic triangular and hexagonal substrates ͓31,32͔ as, e.g., the ͑111͒ surface of the bcc crystal. The simulation results for the triangular substrate potential are presented in Fig. 3͑d͒ .
Comparing the dependence D() of Fig. 3͑d͒ with those of Figs. 3͑a-c͒ for the potential with square symmetry, we see that again they are qualitatively similar.
In the previous work ͓10͔ we found numerically that the activated diffusion in the channel of varying width at small can be fitted by the power law ͑5͒ with ϭ1/3 both for the case of wide barriers (gϭ0.99) and the case of narrow barriers (gϭϪ0.99). Figure 3 demonstrates that the same is true for pure 2D cases. Both the square potential ͑with different couplings 2 Ͻ0.75) and the triangular potential give the dependence Dϰ
. This leads to the scaling ͑4͒ of the jump length with the exponent ϭ(1ϩ)/2ϭ2/3. In Fig.  3͑d͒ we plotted also the fit Dϰ Ϫ1/2 proposed by Chen et al. ͓26͔ . One can see that such a dependence may be used for an interval of intermediate frictions only, 0.01ϽϽ0.1, but it cannot be considered as the low-damping asymptotic behavior.
To study long jumps in more detail, we calculated the distribution of jump lengths P() and the escape rate R for a fixed value of the damping coefficient ϭ0.01. We assumed that the atom is trapped in a given well if it has sojourned in this well for a time lapse not shorter than (2) Ϫ1 ͓17,19,21͔. The results are presented in Figs. 4 and 5. In agreement with the results of Refs. ͓17,21͔, the distribution P() undergoes a fast drop for short jumps ϭ(2 -3)a and then approaches to a slower exponential decay. Surprisingly, this drop is much larger in the 1D system than in the 2D lattice with strong coupling between the modes, the probability of jumps for several ͑2-5͒ lattice constants in the 2D system is much larger. The very long jumps (Ͼ10a) are, however, sup- pressed in the 2D system, thus the average jump length ͗͘ decreases when the coupling g becomes strong enough. According to Fig. 5, ͗͘Ϸ3 .5a in the 1D case and decreases to ͗͘Ϸ3a at 2 р0.5. The decrease in the jump length due to 2D effects is, however, not too strong. Figure 5 demonstrates also that the escape rate R grows as the coupling g increases, the escape from the 2D potential well is characterized by a higher probability.
From the simulation results presented above it becomes clear that the earlier results of Chen et al. ͓26͔ and Caratti et al. ͓27͔ correspond in fact not to the low-damping asymptotic behavior but to a crossover region of intermediate frictions. The result ϭ1/3 and ϭ2/3 obtained in the present work, seems to be more close to the asymptotic values. A complete numerical study of the case of very low damping (Ͻ10 Ϫ3 ) is, unfortunately, too time consuming.
However, in the case where we calculated down to ϭ5 ϫ10 Ϫ5 the slope obtained around ϭ10 Ϫ3 was confirmed. To find an asymptotic behavior of D and its multipliers R and ͗͘ for small , we calculated them separately for three values of the damping in the interval 10 Ϫ3 рр10 Ϫ2 . The results presented in Fig. 6 can be fitted by power laws R()ϰ R and ͗()͘ϰ Ϫ with different exponents R and . The escape rate exponent R Ϸ0.9 is close to the exact 1D value R ϭ1 which should not be changed for the 2D system ͓25͔. A small decreasing of R from 1 can be explained by a beginning of the crossover to the intermediate damping regime where R ϭ0 ͑e.g., see Fig. 3 in Ref.
͓33͔͒.
The results for the exponent are, unfortunately, much less definite. The simulation leads to ϳ0.45-0.55 for the 2D system, which is much lower than the value ϭ2/3Ϸ0.67 predicted by the D()ϰ Ϫ1/3 dependence. Finally, we considered the case of a substrate potential of hexagonal symmetry. Contrary to the potentials discussed above, in the honeycomb lattice the path connecting the next-nearest neighboring sites does not coincide with a straight line. Thus a ballistic motion corresponded to long jumps should be suppressed, and the average jump length may be strongly reduced. We constructed the hexagonal substrate potential as a product of two triangular potentials appropriately scaled and shifted with respect to one another, The minima of the potential ͑9͒ are organized in the honeycomb lattice as, e.g., on the graphite surface. The NN minima are separated by the spacing aϭ2 and the energy barrier ϭ2. The frequency of small-amplitude vibration at the bottom of the potential ͑9͒ is 0 Ϸ0.98.
The simulation results for the dependence D() are presented in Fig. 7 . One can see that now at small frictions, Ͻ10 Ϫ2 , the diffusion coefficient goes to a plateau, Dϰ 0 . Such a behavior reminds us that of the intermediate damping regime, when the TST operates. In the present case, however, the diffusion coefficient approximately does not depend on the friction because of the compensation of the decrease in the escape rate and the increase in the jump length as shown in Fig. 8 .
Thus the simulations predict that is within the interval 1/2р р2/3. The following speculation leads to a conjecture that ϭ1/2 for all 2D systems where the x and y degrees of freedom are coupled. Indeed, if the 2D external potential V(x,y) is not separable, i.e., if it cannot be presented in the form V(x,y)ϭV(x)ϩV(y), the Newtonian motion in the conservative system should be stochastic in a general case ͓34͔. For some initial conditions the atomic trajectory is regular ͑e.g., the atom oscillates in the same potential well or moves ballistically over the barriers͒, for other initial conditions the motion is chaotic and corresponds to anomalous diffusion ͓34,35͔, ͗r 2 ͘ϰt with 0ϽϽ1. For the atoms that cross the barriers and have energies within a narrow ''skin'' layer close to ϭ2, the atomic trajectories are close to the separatrix trajectory in the (x,ẋ ) phase space, so one could expect that these trajectories will be totally chaotic and thus the motion will be pure diffusional, Ϸ1. If we now include the external damping, then in the limit →0 the jumping atoms all belong to a thin skin layer of width ϳ(T) 1/2 ͑e.g., see Refs. ͓1,21͔͒, so their trajectories should be close to the chaotic trajectories of the conservative system for times tϽ Ϫ1 . Thus one could predict that ϭ1/2 and ϭ0 in the →0 limit. This line of reasoning seems to work well for the case of the hexagonal honeycomb lattice, where straight trajectories are not possible, while in the other cases our data indicate that D does not saturate at →0, but it increases with an exponent Ϸ1/3.
III. DIFFUSION WITH VELOCITY-DEPENDENT DAMPING

A. Phononic damping
As was mentioned in the Introduction, the energy exchange between the moving atom and the substrate is caused by the electromagnetic and e-h mechanisms which are approximately independent on the atomic velocity, and by the phonon mechanism which strongly depends on the velocity. For a general atomic trajectory, the energy loss due to excitation of phonons in the substrate can be found numerically only by, e.g., the MD technique. However, for smallamplitude vibrations of the atom at the bottom of the potential well, the damping mechanisms have been studied in detail theoretically as well as experimentally by different spectroscopic methods ͓28͔. The rate of decay of the energy of the atom vibrating with a frequency due to one-phonon damping mechanism is equal to ͓28,36͔
The local density of phonon state () at the surface of a semi-infinite crystal can in principle be calculated for any crystalline structure. However, we will use an approximate expression ͓36͔, 
͑ ͒ϭ
which has the correct behavior in the limits →0 and → m . The one-phonon damping mechanism operates for frequencies lower than the maximum ͑Debye͒ frequency m only, and its rate is small at small frequencies Ӷ m , where ph ()ϰ 4 . At Ͼ m the phonon damping is due to multiphonon mechanism and is characterized by a value ͓28,36͔ ph Շ10
Ϫ2 0 . The function ph (), Eq. ͑10͒, achieves its maximum ph Ϸ1.47 m m/m s at ϭ(4/7) 1/2 m Ϸ0.76 m . Although Eq. ͑10͒ describes the rate of phonon damping for the harmonic oscillations, one may expect that it will lead also to a reasonable accuracy for Brownian motion of atoms, if we will use ϳ 0 for the atoms vibrating close to the bottom of the potential well, and ϳ wash ϵ(2/a)͗v͘ for the atoms flying over the barriers with an average velocity ͗v͘ when the velocity oscillates with the washboard fre- 
͑12͒
where min describes the velocity-independent contribution to the external damping ͑the total action of the electromagnetic, e-h and multiphonon damping mechanisms͒, and ph () is given by Eqs. ͑10͒ and ͑11͒. In the simulation we put min ϭ0.01 which is in agreement with the discussion presented above.
The approach described above should lead to a good degree of accuracy for fast atoms that cross many saddle barriers and correspond to long jumps, which is of the main interest of the present work. As for atoms that move around well bottoms, their average velocity is vϳv T ϭ(T/m) 1/2 , while the vibrational frequency is 0 ϭ(/2m) 1/2 . For the parameters used in the simulations (Tϭ1/3 and ϭ2) we have v T Ϸ0.577 and 0 ϭ1 for mϭ1. Thus the total damping is close to the interval of intermediate frictions, where the TST operates and the escape rate R approximately does not depend on the damping, so that the described approach should lead to a correct description of the escape rate as well.
Because the standard technique of Langevin equations assumes a constant damping coefficient, in the next subsection we develop the technique for the case when the damping depends on the velocity.
B. Langevin equation
In a general case the stochastic equation for a measurable variable q ជ ϵ͕q l ͖ has the following form ͓37͔:
͑13͒
where the first term in the right-hand side of the first equation of the set ͑13͒ is called the drift term and describes the action of the regular force, and the second term is called the diffusion term and describes the action of the random force. The set of equations ͑13͒ is equivalent to the Fokker-Planck equation
To obtain the Langevin equation ͑2͒, we have to put in Eq. ͑13͒ q 1 ϭx and q 2 ϭv ͑to shorter notations, we consider a single atom with one degree of freedom only͒, K 1 (x,v) ϭv, K 2 (x,v)ϭϪ(x,v)vϪVЈ(x)/m, and G 11 ϭG 12 ϭG 21 ϭ0. The unknown function G 22 (x,v) in Eq. ͑14͒ is coupled with the random force ␦F in Eq. ͑2͒ by the relationship ␦F(x,v,t)/mϭG 22 (x,v)dw 2 (t)/dt, so that ͗␦F(x,v,tЈ)␦F(x,v,t)͘ϭm 
ϩV(x)͔/k B T͖ must satisfy Eq. ͑15͒. Substituting it into Eq. ͑15͒, we obtain the following equation on the unknown function G 22 (x,v):
It is easy to check that Eq. ͑16͒ has the solution G 22
Indeed, from Eq. ͑17͒ we have
Then, integrating by parts, we obtain
which satisfies Eq. ͑16͒.
Thus the random force ␦F(t) in Eq. ͑2͒ in the case of velocity-dependent friction coefficient must be determined, instead of Eq. ͑3͒, by the correlation function
where the coefficient R (v) is defined by Eq. ͑17͒. If the external damping does not depend on the velocity, we have R (x)ϭ(x), i.e., the standard expression for the random force in the Langevin equation.
The coefficient R as a function of the frequency ϭ2v/a for different temperatures T is presented in Fig. 9 .
One can see that a deviation of R () from () is more essential at small frequencies and becomes important for temperatures TϾ10 Ϫ2 m m 2 (a/2) 2 only.
C. Simulation results
The rate of phonon damping ͓Eqs. ͑10͒ and ͑11͔͒ depends on the Debye frequency m which is a characteristic of the substrate. To study a role of ph , we made simulations for two values of m , for a realistic ͑in our dimensionless units͒ value m ϭ10, and also for a quite small value m ϭ1 which may correspond to a soft substrate with low-frequency phonon spectrum, when the phonon damping could be very important.
Because we fixed the mass of the substrate atoms in our dimensionless units (m s ϭ1), now we will vary the mass of the diffusing atom in a wide range mϭ10 Ϫ2 -10 2 . In this case the frequency 0 ϭm Ϫ1/2 changes from 10 to 0.1, so even for the largest mass mϭ100 we still have min Ӷ 0 and may occur in the regime of small or intermediate friction.
Let us first consider the one-dimensional substrate potential. The dependence of the diffusion coefficient D on the atomic mass m is presented in Fig. 10 , where the functions D(m) for m ϭ1 and m ϭ10 are compared to that for the case when the phonon damping is absent ͑the curve for m ϭϱ in Fig. 10 , where ϭ min ϭ0.01 so that the value of the diffusion coefficient is close to the →0 limiting value D R ϭD f A/2Ϸ0.13/m). Also, in Fig. 11 we show the average jump length and the escape rate as functions of m for the same values of m .
Due to phonon damping the total friction coefficient increases. This leads to an increase of the escape rate R, but the average jump length ͗͘ decreases, and the common action of both effects results in a decrease of the diffusion coefficient D. Let us first consider a realistic case of m ϭ10 plotted by open diamonds in Figs. 10 and 11. When the atom goes over the barrier, its energy is 1 2 mv 2 ϳϭ2, so that v ϳ2/ͱm. Thus, for the lowest mass mϭ10 Ϫ2 plotted in the figures, a characteristic atomic frequency ϳ20 is higher than the Debye frequency m ϭ10, the one-phonon damping does not operate, the average jump length is large, ͗͘ Ͼ10 a, and the diffusivity is high. Then, when the mass increases within the interval 10 Ϫ2 ϽmϽ10 Ϫ1 , we have v ϳ20-6, so that the washboard frequency ϭ2v/a penetrates into the phonon zone, the one-phonon mechanism . Note that for large masses, mϾ10, the phonon damping coefficient decreases back to the region of small frictions because of ph ϰv 4 ϰm Ϫ2 , but the long jumps are still suppressed due to large mass of the atom.
A similar behavior demonstrates the ''soft'' substrate with m ϭ1 ͑see open diamonds in Figs. 10 and 11͒. Now the one-phonon damping mechanism comes into play at m Ϸ m Ϫ1 ϭ1. It is interesting that around this point, 0.3Ͻm Ͻ3, the diffusion coefficient remains as high as it was for the ph ϭ0 case. Although the jump length decreases to ͗͘ϳa, the escape rate sharply grows and compensates the decrease of ͗͘.
Thus long jumps have to exist for a small mass of the diffusing atom, mϽ m Ϫ1 , when the atom goes over the barriers so fast that the washboard frequency exceeds the maximum phonon frequency of the substrate, vϾ m a/2, and the one-phonon damping does not operate.
Finally, let us study a common action of the phonon damping and the two dimensionality of the substrate potential. We choose the substrate potential with the triangular symmetry, a relatively small mass of the diffusing atom m ϭ0.3 so that long jumps may be expected, and will vary the Debye frequency in a wide range 10 Ϫ1 р m р10 2 . The simulation results are presented in Figs. 12-14. As expected, the diffusivity is large and the long jumps exist in two regimes, for large values of m when the phonon damping coefficient is small, and for small values of m when the one-phonon damping does not operate because of large velocities of atoms which cross the barriers. For intermediate values of the Debye frequency, m ϳ3 -10, the jumps are mainly for one lattice constant. Although the escape rate is high for these Debye frequencies, in total the diffusivity is lower than in the case of absence of phonon damping. However, even in the worst case the probability of jumps longer than one lattice constant is still not negligible, P(2a)/P(a) Ͼ0.1, if the atomic mass is small, mϽ1.
IV. CONCLUSION
Thus in the present work we studied the role of long atomic jumps, or flights, in the activated surface diffusion. First, we analyzed the effects of two dimensionality of the substrate potential, when the x and y degrees of freedom are coupled. Simulation results predict that in the underdamped limit the average jump length scales with the damping coefficient as ͗͘ϰ Ϫ with 1/2р Շ2/3, so that the diffusion coefficient behaves as Dϰ Ϫ with 0рՇ1/3. One can make the conjecture that the dependence Dϰ 0 could be universal in the →0 limit for all nonseparable 2D substrate potentials. Our data support this conjecture only for the hexagonal symmetry potential, which has no straight diffusion paths, while for the other potentials, which have straight diffusion paths, the exponent is close to 1/3. Second, we proposed a realistic friction coefficient for the phonon damping mechanism, which describes the energy exchange between the diffusing atom and the substrate. Because the rate of phonon damping strongly depends on the frequency associated with the atomic motion, we had to develop the technique for Langevin equations with a velocitydependent friction coefficient. The simulation of diffusion in this model showed that long jumps do exist in the case of adatoms of small masses, mϽm s . The long jumps are the most important in two limiting cases, in the case of a large Debye frequency of the substrate, when the rate of phonon damping is low, and in the case of a small Debye frequency, when the one-phonon damping mechanism is ineffective, because the atoms cross the barriers with a high velocity. However, in all cases the role of long jumps is not negligible. For example, for mϭ0.3m s the number of jumps for two lattice spacing substitutes more than 10% of the jumps to the NN sites.
Thus, atomic jumps over a distance of 2 -3 lattice spacing are not negligible for most adsystems. The twodimensionality effects even increase the probability of such jumps, although in total the average jump length decreases, the very long jumps are suppressed in 2D systems. The phononic damping which always operates in the case of surface diffusion, also does not kill long jumps if mϽm s . Thus the approach based on the lattice-gas models of surface diffusion ͓38͔, where the jumps to the NN sites are taken into account, can often claim to qualitative description only. Although it is easy to include multiple jumps in the LG model ͓39͔, the increase of the number of poorly defined parameters makes such an approach not manageable.
Experimentally long jumps can be detected using surface imaging techniques, when one makes ''snapshots'' of atomic configurations before and after an atomic jump. There are two techniques of this type, the field ion microscopy ͑FIM͒ and the scanning tunneling microscopy ͑STM͒. The FIM method, unfortunately, operates only for adatoms which do not evaporate at huge electric fields (Ͼ10 8 V/cm). The STM technique can in principle be used for any substrate/ adatom pair, but a speed of taking a snapshot is much slower than in the FIM. For both experimental techniques one should try to follow for the motion of a single adatom and to avoid collective effects due to interaction between adatoms. The most important is to choose the adatoms which cannot penetrate into the substrate, because otherwise one may observe ''fictitious'' jumps over large distances as, e.g., in the solitonic-exchange diffusion mechanism ͓40͔. Probably, namely such an effect was recently observed experimentally ͓41͔.
Finally, we would like to mention an interesting case of diffusion of adsorbed clusters, for example, the practically important situation of motion of Si 2 dimers on the Si͑100͒ surface. In this case the energy exchange between the vibrational, rotational and translational degrees of freedom may strongly affect the dimer diffusivity.
